We have shown that acute ozone inhalation activates sympathetic-adrenal-medullary and hypothalamus-pituitaryadrenal stress axes, and adrenalectomy (AD) inhibits ozone-induced lung injury and inflammation. Therefore, we hypothesized that stress hormone receptor agonists (b2 adrenergic-b 2 AR and glucocorticoid-GR) will restore the ozone injury phenotype in AD, while exacerbating effects in sham-surgery (SH) rats. Male Wistar Kyoto rats that underwent SH or AD were treated with vehicles (saline þ corn oil) or b 2 AR agonist clenbuterol (CLEN, 0.2 mg/kg, i.p.) þ GR agonist dexamethasone (DEX, 2 mg/kg, s.c.) for 1 day and immediately prior to each day of exposure to filtered air or ozone (0.8 ppm, 4 h/day for 1 or 2 days). Ozone-induced increases in PenH and peak-expiratory flow were exacerbated in CLENþDEX-treated SH and AD rats. CLENþDEX affected breath waveform in all rats. Ozone exposure in vehicle-treated SH rats increased bronchoalveolar lavage fluid (BALF) protein, N-acetyl glucosaminidase activity (macrophage activation), neutrophils, and lung cytokine expression while reducing circulating lymphocyte subpopulations. AD reduced these ozone effects in vehicletreated rats. At the doses used herein, CLENþDEX treatment reversed the protection offered by AD and exacerbated most ozone-induced lung effects while diminishing circulating lymphocytes. CLENþDEX in air-exposed SH rats also induced marked protein leakage and reduced circulating lymphocytes but did not increase BALF neutrophils. In conclusion, circulating stress hormones and their receptors mediate ozone-induced vascular leakage and inflammatory cell trafficking to the lung. Those receiving b 2 AR and GR agonists for chronic pulmonary diseases, or with increased circulating stress hormones due to psychosocial stresses, might have altered sensitivity to air pollution.
Chronic activation of neuroendocrine stress responses involving the sympathetic-adrenal-medullary (SAM) and hypothalamus-pituitary-adrenal (HPA) axes have been linked to development of asthma (Douwes et al., 2011) , chronic cardiovascular diseases , obesity (Hewagalamulage et al., 2016; Hirotsu et al., 2015) , and diabetes (Joseph and Golden, 2017) . Individuals living in disadvantaged communities with psychosocial stressors have exacerbated air pollution effects including increased severity of asthma and chronic obstructive pulmonary disease (COPD) (Clark et al., 2015; Clougherty and Kubzansky, 2008; Shmool et al., 2014; Wright, 2011) . Furthermore, maternal stress during pregnancy has been postulated to increase risk of developing asthma in children and COPD at an old age through reprogramming of the HPA stress axis (Awotidebe et al., 2017) . Thus, neuroendocrine pathways involving SAM and HPA axes have been assumed to interactively enhance adverse health effects of air pollution.
The activation of neural SAM-and HPA-mediated stress responses increases the release of epinephrine and corticosterone/cortisol, respectively, from adrenal glands, which in turn, produces tissue-specific homeostatic changes in metabolic and immune processes associated with the fight-or-flight response (Gorman, 2013) . Chronic elevations of stress hormones have been associated with neurological abnormalities including psychosocial disorders and systemic inflammatory conditions (Barr, 2017; Henley and Lightman, 2014) . We have previously shown that acute ozone-and acrolein-induced respiratory injury and inflammation are associated with the activation of neuroendocrine stress pathways in both healthy and diabetic rat models (Bass et al., 2013; Miller et al., 2015; Snow et al., 2017) and in healthy humans (Miller et al., 2016a) . We have also demonstrated that ozone and acrolein exposure increases circulating epinephrine and corticosterone, and produces metabolic alterations similar to a fight-or-flight response (Bass et al., 2013; Miller et al., 2015 Miller et al., , 2016a Snow et al., 2017) . Even though ozone inhalation has been shown to contribute to airway responses through vagal C-fibers in the lung (Taylor-Clark and Undem, 2010; Schelegle and Walby, 2012) , activate stress responsive regions in the central nervous system (Gackière et al., 2011) , induce autonomic reflex mechanisms (Gordon et al., 2014) , and increase the release of adrenocorticotrophic hormone (Thomson et al., 2013 ), the precise mechanisms by which it activates the SAM and HPA axes are not well understood.
Once released into the circulation, epinephrine and corticosterone exert their tissue effects through adrenergic and glucocorticoid receptors (GR). Adrenergic receptors (AR) are G-protein-coupled receptors involved in a variety of cellular processes induced during a fight-or-flight stress response (Ghanemi and Hu, 2015; Tank and Lee, 2015) . Two distinct classes of AR, a and b, are widely distributed in blood vessels and body organs in a tissue-specific manner. b adrenergic receptors (bAR) are widely distributed in the lung. Nearly 70% of the bAR are b 2 -type (b2AR) with high affinity for epinephrine while the remaining 30% are b1-type (b1AR) with high affinity for both epinephrine and nor-epinephrine (Barnes, 2004) . The b2AR when activated by epinephrine induces bronchial relaxation and alters lung vascular permeability (Barnes, 2004) .
Circulating corticosterone exerts its cellular effects by binding to GR. GR are distributed in virtually all tissues in the body, including lung, and are involved in regulation of metabolic and immune processes (Oakley and Cidlowski, 2011) . Activation of GR by glucocorticoids leads to immunosuppression through transcriptional repression of proinflammatory genes (De Bosscher et al., 2000) . GR agonists are the primary therapeutic agents used to reduce chronic lung inflammation present in pulmonary diseases (Barnes, 2016) . In many instances, a combination of b 2 AR and GR agonists are used to reverse and suppress airway bronchoconstriction and inflammation present in asthma and COPD (Cain and Cidlowski, 2015; Waldeck, 2002) .
We have recently demonstrated that total bilateral adrenalectomy (AD), which diminishes circulating epinephrine and corticosterone in rats, inhibits ozone-induced metabolic changes as well as lung injury, protein leakage, and inflammation (Miller et al., 2016b; Henriquez et al., 2017) . Pharmacological inhibition of AR and GR also led to suppression of ozoneinduced vascular leakage and neutrophil inflammation, suggesting a proinflammatory role of endogenously released epinephrine and corticosterone (Henriquez et al., 2018) . Although glucocorticoids have been shown to suppress immune response and inhibit lymphocyte function in rats, the proinflammatory effect of newly released epinephrine and corticosterone has also been reported after an acute restraint stress (Dhabhar et al., 2012) and after a treatment with exogenous epinephrine and glucocorticoids (Dhabhar, 2014) . However, the potential mechanism by which the activation of bAR and GR regulate acute ozone-induced inflammation is not clear. Herein we hypothesized that combined treatment of rats with clenbuterol (CLEN; b 2 AR agonist), plus dexamethasone (DEX; GR agonists), would restore ozone-induced pulmonary vascular leakage and inflammation in adrenalectomized (AD) rats, while exacerbating ozone effects in sham control (SH) rats with intact SAM and HPA axes.
MATERIALS AND METHODS
Animals. Male, 11-12-week-old Wistar Kyoto (WKY) rats, purchased from Charles River Laboratory (Raleigh, North Carolina), were pair-housed in polycarbonate cages with beta chip bedding. Animal rooms were maintained at 50-65% relative humidity [RH] , 21 C temperature and 12 h light/dark cycle in our animal facility approved by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Water and food (5001 Purina rat chow; Brentwood, Missouri) were provided ad libitum except where indicated. All animal procedures were approved by the U.S. Environmental Protection Agency (U.S. EPA), National Health and Environmental Effects Research Laboratory (NHEERL) Animal Care and Use Committee prior to the start of the experiment.
Animal surgeries and drug treatments. At 12-13 weeks of age, rats underwent either total bilateral AD or control sham (SH) surgeries as described previously (Miller et al., 2016b) . Briefly, the rats were anesthetized by i.p. injection of ketamine (25-50 mg/kg in saline). Once under anesthesia, buprenorphine was injected (0.02 mg/kg/ml in saline; s.c.) for analgesia. During the surgery, additional anesthesia was induced by inhalation of vaporized isoflurane ($3%) using a nose-only cone as needed.
Veterinarians from Charles River Laboratories Inc. performed surgeries under aseptic conditions while animals were placed in sternal recumbency. Surgeries were performed using protocols established at Charles River Laboratories Inc. Except for the removal of adrenal glands, SH surgeries involved similar anesthesia and surgical approaches as AD. The recovery was assured by the observation of the animal's movement while on heating pads. Once awake, animals were treated with meloxicam (0.2 mg/kg; s.c.) for analgesia. Additional analgesia was provided by administering buprenorphine (0.02 mg/ml/kg, s.c.) every 8-12 h for 2 times. Half of the rats (D þ 2 groups as indicated below) were injected with temperature-sensitive transponders s.c.
over the caudal dorsal surface to allow measurement of body temperature (BDMS, Seaford, Delaware). SH rats received normal tap water for drinking while AD rats were provided saline (0.9% sodium chloride) after the surgery to maintain adequate fluid and electrolyte balance. Following surgery, the animals were pair housed with Enviro Dry enrichment/nesting material, provided with powdered as well as pelleted food, and allowed to recover for 4-6 days prior to any drug treatment related to this study. This approach was based on a number of AD studies that used/recommended a 4-6-day recovery period to avoid secondary changes in the body occurring as a result of AD (Miller et al. 2016b; Nicolaides et al., 2013; Sakakibara et al., 2014) . The general experimental design is shown in Figure 1 . SH and AD rats were randomized by body weight into four treatment groups (vehicle: air, vehicle: ozone, CLENþDEX: air, and CLENþDEX: ozone) over 2 time periods (1-day
. This resulted in 8 total groups with 8 rats/ group. Vehicle or drug treatments began 1 day prior to the first air or 0.8 ppm ozone exposure (4 h/day for 1 or 2 consecutive days). Vehicle and drug treatments were administered each day prior to the beginning of inhalation exposures. Vehicle injections were comprised of saline (1 ml/kg, i.p.) followed by pharmaceutical grade corn oil (1 ml/kg, s.c.). Drug treatments included clenbuterol hydrochloride, a long acting b 2 AR agonist (CLEN; 0.2 mg/kg in saline, i.p.) followed by a GR agonist, dexamethasone (DEX; 2 mg/ml corn oil/kg, s.c.). Since we were attempting to restore the activities of epinephrine and corticosterone at the basal levels that were completely depleted by AD procedure and provide the additional replenishment for increased levels observed during ozone exposure in SH rats, these relatively high doses were selected. Although these doses are several fold higher than those used therapeutically, these CLEN and DEX concentrations are within the range used in other laboratory rodent studies for the purpose of inducing bronchodilation and immunosuppression, respectively (Griffin et al., 2018; Jonasson et al., 2013) .
Ozone exposure. Ozone was generated using a silent arc discharge generator (OREC, Phoenix, Arizona) from oxygen and transported to Rochester style "Hinners" chambers using mass flow controllers (Coastal Instruments Inc., Burgaw, North Carolina). Ozone concentration was controlled and recorded by photometric analyzers (API Model 400, Teledyne, San Diego, California). Mean chamber temperature, relative humidity, and air flow were recorded hourly (control chamber: 71.05 6 0.32 F, 54.08 6 0.67 and 256.1 6 0.57 l/min; ozone chamber: 73.10 6 0.14 F, 50.40 6 0.44 and 261.2 6 0.43 l/min, respectively). Rats were exposed to air or 0.8 ppm ozone, 4 h/day for either 1 day (D þ 1) or 2 consecutive days (D þ 2). The actual daily mean chamber concentration of ozone was 0.800 6 0.04 ppm (mean 6 SD).
In-life assessment. Body weights were measured once prior to and then daily after the surgery for all rats, including each day post-exposure. In the D þ 2 groups, subcutaneous temperature was assessed (n ¼ 4/group), immediately before and after each ozone exposure. Similarly, whole body plethysmography (WBP) was performed in the D þ 2 groups (n ¼ 8/group) following each day of exposure to detect potential alterations in breathing patterns. These rats were first acclimated to the WBP chambers for 2 days prior to the first plethysmography assessment. After each exposure, rats were removed from the exposure chambers and transported to a separate quiet room where, on a rotational basis, rats representing each exposure/treatment group were placed in rat-sized WBP chambers (n ¼ 8 rats/run). After a 2 min acclimation period, ventilatory parameters were recorded for an additional 5 min. Inclusion criteria for acceptable breaths included inspiratory volume and expiratory volume within 40%, and breathing frequency of 375 bpm to minimize the influence of high frequency breathing related to odor discrimination (i.e., overt sniffing activity). Furthermore, all traces were visually inspected to ensure that valid breath patterns were not excluded. During calibration and data acquisition, a band pass filter (low of 0.25 Hz and high of 35 Hz) and AC filter designed for rats/guinea pigs were used. Measurements were averaged every 10 s for the 5-min period using EMKA iox 2 software (SCIREQ, Montreal, Canada). Ventilatory parameters obtained included: breathing frequency, peak inspiratory flow (PIF), peak expiratory flow (PEF), inspiratory time (T i ), expiratory time (T e ), relaxation time (RT), and calculated parameters such as pause, and enhanced pause (PenH).
Blood collection at necropsy, complete blood counts, and assessment of circulating stress hormones. An overdose of fatal plus (sodium pentobarbital, Virbac AH, Inc., Fort Worth, Texas; >200 mg/kg, i.p.) was used to euthanize rats. For D þ 1 groups, rats were necropsied within 2 h of termination of the first exposure, whereas for D þ 2 groups, rats were necropsied after their second exposure and WBP data acquisition (within 2.5 h). Blood samples from the abdominal aorta were collected in vacutainer tubes. Complete blood counts were performed using EDTA blood samples on a Beckman-Coulter AcT blood analyzer (BeckmanCoulter Inc., Fullerton, California), which provided a relative measure of total white blood cells (WBC) and lymphocytes. Blood smears were also obtained and then stained with Diffquick to enumerate relative neutrophil and monocyte numbers. The remaining EDTA blood samples were centrifuged at 3500 Â g for 10 min and resulting plasma samples were stored at À80 C until analysis. Serum was collected after centrifugation of blood samples collected in serum separator tubes at 3500 Â g for 10 min and stored at À80 C until use. Epinephrine levels in plasma samples were quantified using a kit obtained from Rocky Mountain Diagnostics following the manufacturer's protocol (Colorado Springs, Colorado). Corticosterone levels were quantified in serum employing an immunoassay kit and following manufacturer's directions (Arbor Assays, Ann Arbor, Michigan).
Bronchoalveolar lavage and cell counts. Bronchoalveolar lavage fluid (BALF) was collected by cannulating the trachea. The left lung was tied and the right lung was lavaged 3 times using the same aliquot of Ca 2þ -and Mg 2þ -free PBS, pH 7.4, 37 C, at 28 ml/kg body weight for total lung capacity with the right lung weight being 60% of the total lung weight. Whole BALF (0.5 ml) was diluted to 10 ml using isotone and spiked with 0.2 ml saponin to lyse cells. Nuclei were counted using a Z1 Coulter Counter (Coulter Inc., Miami, Florida). Whole BALF was also used to prepare cytospin slides, which were stained with Diff-quick and cell differentials were performed under light microscopy (300 cells/slide, 1 slide/animal). The remaining BALF samples were centrifuged (1500 Â g for 5 min) and cell-free BALF aliquots were analyzed for lung injury markers. The lavaged caudal lobe from the right lung was removed, blotted, frozen in liquid nitrogen, and stored at À80 C for RNA extraction.
Assessment of lung protein leakage markers and inflammatory cytokines. BALF total protein was assessed using Coomassie Plus Protein Reagent from Thermo Fisher Diagnostics (Rockford, Illinois) and albumin standards from Sigma-Aldrich (St. Louis, Missouri). BALF albumin levels were determined using a kit from Sekisui Diagnostics (Lexington, Massachusetts) while N-acetylglucosaminidase (NAG) activity was assessed using reagents and controls from Sigma-Aldrich Diagnostics (St. Louis, Missouri). These assays were modified for use on the Konelab Arena 30 clinical analyzer (Thermo Chemical Lab Systems, Espoo, Finland). Cell-free BALF samples were used to quantify cytokine proteins using the V-PLEX proinflammatory panel 2 (rat) kit following the manufacturer's protocol (Mesoscale Discovery, Gaithersburg, Maryland). The electrochemiluminescence signals for each protein were detected using Meso Scale Discovery V R platform (Mesoscale Discovery Inc., Rockville, Maryland). For some cytokines, the BALF levels in control animals were below the limit of detection. Those values were imputed with the lowest quantified value in that group for a given cytokine.
Flow cytometry of circulating WBC. For flow cytometry analyses of blood samples, the general procedures were performed following previously published methods (DeWitt et al., 2016) . Briefly, fresh aortic blood samples collected in EDTA blood tubes (500 ll) from the D þ 1 animals were treated with RBC lysis buffer (Affymetrix eBioscience, Santa Clara, California) and then washed twice with HBSS without Ca 2þ and Mg 2þ (Thermo Fisher, Waltham, Massachusetts) . The cells were suspended in staining buffer containing HBSS with 1% bovine serum albumin (BSA) and 0.1% sodium azide (Sigma-Aldrich, St. Louis, Missouri). WBC concentrations were determined using a Z1 Coulter Counter (Coulter, Inc., Miami, Florida). Cells were washed once with PBS and incubated for 30 min at room temperature with LIVE/DEAD TM fixable violet dead cell stain (Thermo Fisher, Waltham, Massachusetts) to determine viable cells. After incubation, cells were washed 3 times with staining buffer and then incubated with mouse anti-rat CD32 (BD Pharmingen, San Jose, California) to block FC receptor-mediated nonspecific antibody binding as per manufacturer's instructions. Cells were then washed three times with staining buffer and labeled for 30 min with the following monoclonal antibodies: APC-Cy7 mouse anti-rat CD45, PE mouse anti-rat RP1, PECy7 mouse anti-rat CD4, and FITC mouse anti-rat CD8a (BD Pharmingen, San Jose, California). Cells labeled with fluorochrome-conjugated isotype control antibodies (APC-Cy7 mouse anti-rat IgG, OE; PE mouse anti-rat IgG2a, OE; PE-Cy7 mouse anti-rat IgG2a, OE; FITC mouse anti-rat IgG1 [BD Pharmingen, San Jose, California]) were used as negative controls. Additional cell samples, including unstained cells and fluorescence minus one (FMO) controls were utilized to aid in identifying and ensuring accurate gating of negative and positive cell populations. After staining, cells were washed three times with staining buffer, fixed with 0.05% formaldehyde in PBS and kept in the dark at 4 C (no longer than 1 day) until FACS analysis. Data were collected on a LSR II flow cytometer (BD Biosciences, Mississauga, Canada) using FACS Diva software (BD Biosciences, Mississauga, Canada). The quantification of the data was performed using FlowJo software (TreeStar, Inc., Ashland, Oregon). Live cells were gated based on CD45 expression for the analysis of subpopulations CD4 were subjected to WBP immediately after the first and second day of exposure. Necropsy and tissue collection were performed immediately after exposure on D þ 1 groups (within 2 h) or immediately after exposure and WBP for D þ 2 groups (within 2.5 h).
Lung RNA isolation and real time-quantitative PCR. Anatomically uniform portions of frozen caudal lung lobes were separated and weighed (20-30 mg) for RNA extraction using the RNeasy mini kit (Qiagen, Valencia, California). RNA was quantified using Qubit 2.0 fluorimeter (Thermo Fisher, Waltham, Massachusetts). Qscript cDNA Supermix (Quanta Biosciences, Beverly, Massachusetts) was used to synthesize cDNA by reverse transcription. Primers were designed using Rattus Norvegicus sequences annotated using NCBI and obtained from Integrated DNA Technologies, Inc. (Coralville, Iowa; Table 1 ). SYBR V R Green PCR Master Mix (Thermo Fisher, Waltham, Massachusetts) was used to perform quantitative PCR using the Applied Biosystems 7900HT Sequence Detection System (Foster City, California). Relative mRNA expression was calculated employing the DDCt method using b-actin as the housekeeping gene and the vehicle-air treated SH group as control. The determination of relative lung mRNA expression was restricted to D þ 1 groups since ozone-induced changes in RNA expression peak rapidly after first ozone exposure (Hollingsworth et al., 2007; Kodavanti et al., 2015) . Il6, Tnf, Cxcl2, and Il4 were selected as proinflammatory endpoints, which have shown consistent up-regulation after ozone exposure in previous publications . Furthermore, expression of Tsc22d3, also known as Gilz, a validated glucocorticoid responsive gene (Pepin et al., 2015) , and Adrb2, the gene coding for b 2 AR, were measured to determine the influence of AD, ozone and CLENþDEX on activation of AR and GR in the lungs.
Statistics. Approximately 10% of male WKY rats develop spontaneous cardiac hypertrophy, which has been shown to be associated with secondary pulmonary complications causing high baseline levels of lung injury markers and inflammation (Shannahan et al., 2010) . While this hypertrophy does not appear to be associated with systemic hypertension, we have noted that it is often associated with both left-and right-sided chamber enlargement, and increased BALF protein, and inflammatory cells (Shannahan et al., 2010) . Therefore, we have developed an exclusion criterion to remove these animals from further analysis whenever heart/body weight ratio is above 20% of the average for the group such that the data interpretation is not affected. In this study too, we excluded data from animals exhibiting cardiac hypertrophy and hence the number of observations ranged from n ¼ 6-8. For each endpoint, data were log transformed when normal distribution and homoscedasticity were not satisfied using Shapiro-Wilk and Levene's tests, respectively. Data were analyzed using a two-way analysis of variance (ANOVA). The effects of AD were determined by analyzing respective vehicle-and CLENþDEX-treated groups separately using independent two-way ANOVAs; while drug treatment effects were determined by analyzing SH and AD groups separately as independent factors using two-way ANOVA.
This strategy was used separately for D þ 1 and D þ 2 experiments. Tukey's test was used to correct for multiple comparisons. Significant differences were considered when p 0.05 was achieved. For all bar graphs, data (n ¼ 6-8 animals/group) are expressed as mean 6 SEM. GraphPad prism 7.03 and Statext 2.7 software were used for statistical analysis. For gene expression analysis, outliers were identified and discarded using the ROUT method (robust regression and outlier removal, Motulsky and Brown, 2006) prior to statistical analysis.
RESULTS

Changes in Body Weight and Subcutaneous Temperature Induced by AD, CLEN1DEX Treatment and Ozone Exposure
To examine the general physiological effects of ozone exposure, AD and CLENþDEX treatment, body weights, and subcutaneous temperatures were monitored prior to and after each day of exposure in the D þ 2 groups (Figure 2 ). AD rats had significantly reduced body weight gain after surgery relative to SH rats (up to 12% on D þ 2; significant for air-exposed vehicle-treated rats at D þ 1 and D þ 2; ozone-exposed vehicle-treated rats at D þ 1; CLENþDEX-treated, ozone-exposed rats D þ 1 and D þ 2). Significant reductions were also noted in air-exposed CLENþDEX-treated SH rats and ozone-exposed vehicle-treated SH rats after each day of exposure (up to 10% on D þ 2) ( Figure 2A ).
Acute ozone exposure has been shown to cause hypothermia in animals as determined by reduction in core body temperature (Gordon et al., 2014) . We noted that subcutaneous temperature was reduced by approximately 3 C in all ozoneexposed SH and AD rats when determined immediately following exposure on both days. Neither AD nor CLENþDEX treatment changed subcutaneous temperature in air-exposed rats or modified the ozone-related reductions in body temperature ( Figure 2B ).
Circulating Stress Hormones Are Changed After Ozone Exposure in SH and AD Rats Treated With Vehicle and CLEN1DEX
Based on the expected variability in levels of stress hormones due to several influencing factors (ie, precise time of blood collection, stress levels in animals during euthanasia injection), we have seen variable degrees of response to ozone in our past studies in male WKY rats (Miller et al., 2015 (Miller et al., , 2016b . In this study, although not significant, ozone exposure tended to increase circulating epinephrine levels at D þ 1 and D þ 2 (p ¼ .13, each day using single group comparison) in vehicle-treated SH rats (Figs. 3A and 3B). The trend for ozone-induced increase in circulating corticosterone on D þ 1 in vehicle-treated SH rats was not significant either (p ¼ .24 using single group comparison) ( Figure 3C ). However, as expected, AD essentially 
eliminated detectable plasma epinephrine and corticosterone levels at D þ 1 and D þ 2 regardless of exposure and drug treatment ( Figure 3 ). Moreover, CLENþDEX treatment markedly reduced circulating corticosterone in all air-and ozone-exposed SH rats (Figs. 3C and 3D) but had no influence on epinephrine levels in air and ozone-exposed SH rats (Figs. 3A and 3B).
Ozone-Induced Changes in Ventilatory Parameters in SH and AD Rats With and Without CLEN1DEX Treatment After the filtered air or ozone exposures, rats were transported to a quiet room and were placed in WBP chambers. In order to detect maximal ventilatory distress responses in the ozonesensitive WKY rats, WBP assessments were performed within ffi30 min of termination of the exposure. Examining first the ventilatory changes related to AD alone (i.e., AD, air-exposed, vehicle-treated rats), we observed trends of minor reductions ($20%) in breathing frequency, (Figs. 4A and 4B) on both days, relative to the analogous group of SH rats. Data are consistent with the observed generally sedate behavior of the AD rats.
No other ventilatory differences were observed for the AD vehicle-treated air-exposed rats when compared with SH vehicle-treated air-exposed rats. However, these air-exposed, vehicle-treated rats exhibited higher breathing frequencies than previous reports in which air control rats were left undisturbed much longer periods prior to obtaining basal breathing frequencies (Tepper et al., 1989 (Tepper et al., , 1990 Schelegle et al., 2001 ).
Examining next differences in ventilatory patterns of ozone-exposed, vehicle-treated SH and AD rats, the trends of characteristic changes in breathing patterns occurring in ozonesensitive WKY rats were observed at both time points, including: minor slowing of the respiratory rate ( Figs (Figs. 4G and 4H) , and thus, enhanced pause (PenH), the product of the PEF/PIF ratio and Pause (Figs. 4E and 4F) . No significant differences were observed between vehicle-treated SH and AD rats in terms of these ozonerelated ventilatory effects.
When examining the effects of CLENþDEX treatment in airexposed SH and AD rats, drug treatment did not change relative breathing frequency or T i /T e ratios, but it did induce minor increases in PenH at D þ 1 but not D þ 2, largely due to increased PEF/PIF ratios.
With regards to the ozone-related ventilatory changes on D þ 1, the CLENþDEX-treated SH rats showed significant reductions in breathing frequency and T i /T e ratios (Figs. 4A and 4C) in combination with the highest PenH values recorded (reflecting significant increases in both PEF/PIF and Pause components) (Figs. 4E-J) . Similar trends were observed on D þ 2, including still greater increases in PenH for this group. In carefully examining the shape of the waveform of these breaths (ie, WPB chamber flow rate fluctuations), we observed that in these rats, the PEF/ PIF ratios were increased in part due to higher PEF values were measured using a receiver, which acquired signals through subcutaneously injected transponders, immediately before and after each day of exposure to air or ozone (0.8 ppm, 4 h/day) for the D þ 2 groups (n ¼ 4/group). Bar graphs show group mean 6 SEM. Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats.
(Figs. 4I and 4J), and in part due to truncated PIF values as these rats often exhibited a biphasic inspiration pattern, with blunting their PIF values (Figs. 4K and 4L) .
Lastly, we compared the superimposed effects of ozone exposure and CLENþDEX treatment in the AD rats. These rats exhibited relatively higher breathing frequencies (D þ 2) and T i / T e ratios (at both time points), and had increased PEF/PIF ratios (at D þ 1) like that of their analogous SH group, again in part due to biphasic inspiration (data not shown). In contrast, these AD rats exhibited lesser increases in Penh, primarily because the pause component was not as elevated) (Figs. 4E-H) . Results suggest a mixed ventilatory pattern of worsening inspiratory effects (possibly due to underlying edema, hypoxia, or dehydration) in combination with reduced expiratory airflow obstruction.
Ozone-Induced Protein Leakage and Macrophage Activation Are Reduced by AD and Exacerbated by CLEN1DEX Treatment BALF protein and albumin were assessed to determine microvascular leakage in the lung. An increase in BALF protein was noted in air-exposed vehicle-treated AD rats at D þ 1. In vehicletreated SH rats, ozone exposure was also associated with significant increases in BALF protein, which was progressive over 2 days. However, BALF protein levels did not increase in vehicletreated AD rats after ozone exposure (Figs. 5A and 5B). Regardless of the exposure or surgery status, CLENþDEX treatment was associated with marked protein leakage at both time points in air-exposed SH and AD rats. Ozone exposure of CLENþDEX-treated SH rats greatly exacerbated increases in BALF protein at both D þ 1 and D þ 2. AD moderately reduced the ozone-induced increase of BALF protein in CLENþDEX-treated rats at D þ 2 (Figs. 5A and 5B). Changes in BALF albumin generally followed a similar pattern of changes as BALF protein; except that the increase in albumin was greatest in ozoneexposed AD rats treated with CLENþDEX at D þ 2 (Figs. 5C and 5D).
As we have noted in previous publications (Henriquez et al., 2018) , ozone exposure was also associated with BALF NAG activity (a marker of macrophage activation) increases in vehicletreated SH rats at D þ 2. AD diminished this ozone effect at D þ 2 ( Figure 5F ). CLENþDEX significantly increased BALF NAG activity at both time points in all SH and AD rats exposed to air. Ozone exposure further exacerbated NAG activity increases in CLENþDEX-treated rats at D þ 1 and D þ 2 while AD blunted this ozone-induced response (Figs. 5E and 5F).
Ozone-Induced Pulmonary Inflammation Is Reduced by AD and Restored by CLEN1DEX
Ozone exposure decreased BALF alveolar macrophages in vehicle-treated SH rats but AD reversed this effect at D þ 1 ( Figure 6A ). CLENþDEX pretreatment increased alveolar macrophages in ozone-but not air-exposed SH rats at both time points. This CLENþDEX effect was significantly smaller in AD rats exposed to ozone relative to SH rats (Figs. 6A and 6B) . and corticosterone (C-D), were measured in samples collected within 2.5 h after air or ozone (0.8 ppm) exposure (4 h/day) in D þ 1 and D þ 2 groups. Bar graphs show mean 6 SEM of n ¼ 6-8/group. Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats.
Ozone exposure increased BALF neutrophils at D þ 2 in vehicletreated SH rats. This ozone effect was diminished in vehicletreated AD rats ( Figure 6D ). Treatment with CLENþDEX in air-exposed SH and AD rats did not increase BALF neutrophils, however it markedly exacerbated ozone-induced neutrophilia in both SH and AD rats at D þ 2 (SH > AD) ( Figure 6D ). BALF lymphocytes were not impacted significantly by ozone or CLENþDEX at any time point, but, in AD rats treated with CLENþDEX, the number tended to be higher than in SH rats at D þ 2 (Figs. 6E and 6F ).
Ozone-Induced Reduction of Circulating WBC and Lymphocytes Is Modulated by AD and CLEN1DEX Treatment
In vehicle-treated SH rats, ozone exposure decreased circulating total WBC at D þ 1; however, this ozone effect was not apparent in vehicle-treated AD rats. CLENþDEX treatment decreased or tended to decrease WBC in all rats at D þ 1 with a maximum drop occurring in ozone-exposed AD rats ( Figure 7A ). This CLENþDEX effect was not apparent on D þ 2 ( Figure 7B) . A small drop in circulating lymphocytes was noted in air-exposed vehicle-treated AD rats at D þ 1. Ozone exposure in vehicle-treated SH rats markedly decreased circulating lymphocytes at D þ 1 and D þ 2. This ozone effect was not observed in vehicle-treated AD rats. CLENþDEX treatment was associated with remarkable reduction of circulating lymphocytes in all animals at both time points regardless of surgery or exposure condition (Figs. 7C and  7D ). Circulating neutrophils were not affected by AD or ozone in vehicle-treated rats, however, CLENþDEX treatment caused significant increases in circulating neutrophils in all rats regardless of surgery or exposure (except for ozone-exposed AD rats at D þ 1) (Figs. 7E and 7F) .
In order to further examine the types of lymphocytes impacted by ozone and CLENþDEX at the D þ 1 time point, subpopulations of lymphocytes were quantified as a percentage of total leukocytes (CD45 þ ) and then normalized using total to ozone (K, L) were assessed within 30 min following air or ozone (0.8 ppm) exposure (4 h/day) on both days for the D þ 2 groups. Bar graphs show mean 6 SEM of n ¼ 6-8/group. Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats.
Ozone-Induced Effects on BALF Cytokines in SH and AD Rats Treated With Vehicle or CLEN1DEX
Proinflammatory cytokine proteins were assessed in BALF to determine the role of AD and CLENþDEX on ozone-mediated lung inflammation. BALF IL-6 levels were increased in all vehicle-treated SH and AD rats exposed to ozone relative to air at both time points. CLENþDEX in air-exposed rats had little effect on IL-6 levels; however, CLENþDEX treatment resulted in highly exacerbated IL-6 increases in SH rats exposed to ozone at D þ 1 and D þ 2. This interactive effect of ozone and CLENþDEX was less remarkable in AD rats (Figs. 9A and 9B ). Ozone exposure increased BALF levels of TNF-a at D þ 1 regardless of surgery or treatment. CLENþDEX-treatment did not influence ozone-induced increases in BALF TNF-a at D þ 1. However, on D þ 2, CLENþDEX treatment increased BALF TNF-a in ozoneexposed SH and AD rats (Figs. 9C and 9D ). BALF IL-4 levels were generally low in D þ 1 samples and below the detection limit in most D þ 2 samples with no apparent ozone effect in vehicletreated rats. CLENþDEX treatment increased IL-4 levels in ozone-exposed SH, but not AD rats, at D þ 1 (Figs. 9E and 9F ).
Ozone-Induced Pulmonary Cytokine mRNA Changes in SH and AD Rats Treated WIth Vehicle or CLEN1DEX
Lung expression of genes involved in inflammatory processes and those responsive to AR and GR signaling was assessed in all samples from D þ 1 groups to determine if stress hormone receptors are involved in transcriptional regulation of genes known to be induced by ozone . Overall changes in Il6 mRNA expression corroborated those observed for BALF IL-6 protein at D þ 1 and D þ 2. Ozone exposure upregulated Il6 expression only in vehicle-treated SH but not AD rats. CLENþDEX treatment exacerbated ozone-induced Il6 expression in SH and tended to exacerbate the effect in the AD rats (SH > AD) but had little effect in air-exposed rats ( Figure 10A ). Even though BALF TNF-a protein was increased, Tnf gene expression was not changed by ozone exposure or CLENþDEX treatment in SH rats. However, CLENþDEX treatment down-regulated Tnf expression in both air-and ozoneexposed AD rats ( Figure 10B ). Il4 expression was not affected by ozone in vehicle-treated SH or AD rats exposed to ozone. CLENþDEX treatment in SH but not AD rats increased Il4, Figure 5 . Ozone-induced pulmonary vascular leakage and macrophage activation are modulated by AD and CLENþDEX. BALF protein (A, B), albumin (C, D), and NAG activity (E, F) were assessed in rats within 2.5 h following air or ozone (0.8 ppm) exposure (4 h/day) for D þ 1 and D þ 2 groups. Bar graphs show mean 6 SEM of n ¼ 6-8/ group. Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats.
especially in air-exposed SH rats ( Figure 10C ). Cxcl2 expression was up-regulated after ozone exposure in vehicle-treated SH rats, and AD effectively inhibited this effect. CLENþDEX treatment increased Cxcl2 expression in all rats exposed to air or ozone; however, these increases were smaller in AD rats relative to SH rats ( Figure 10D ). Ozone tended to increase Ardb2, the gene expressing the b2AR protein, in vehicle-treated SH rats (p ¼ 0.18); however, its expression was decreased in AD rats treated with vehicle. CLENþDEX significantly induced Ardb2 expression in the air-exposed SH rats while this effect was less pronounced in ozone-exposed SH rats and air-or ozoneexposed AD rats ( Figure 10E ). Expression of Tsc22d3, a GR responsive gene, tended to increase after ozone exposure in the lungs of vehicle-treated SH rats; however, AD effectively downregulated Tsc22d3 expression in air-and ozone-exposed vehicletreated rats. CLENþDEX treatment significantly increased the expression of Tsc22d3 for all groups except for ozone-exposed SH rats ( Figure 10F ).
DISCUSSION
We have previously shown that neuroendocrine activation leading to increased circulating stress hormones was necessary for mediating ozone-induced lung injury and inflammation since AD rats were protected from these ozone effects Miller et al., 2016b) . Because AD is invasive and also eliminates circulating mineralocorticoids along with stress hormones, one cannot rule out their contribution in diminution of ozone-induced lung effects. The goal of this study was to evaluate if agonists of stress hormone receptors b 2 AR and GR were able to restore ozone-induced lung injury, inflammation and immune cell trafficking in AD rats, and exacerbate these effects in SH rats. Here, we reconfirm that the pulmonary and systemic effects of ozone inhalation, characterized by vascular leakage, neutrophilic inflammation, cytokine release in the lungs and peripheral vascular lymphopenia were significantly diminished by AD (Miller et al., 2016b) . The treatment Figure 6 . Ozone-induced lung inflammation is modulated by AD and CLENþDEX. BALF macrophages (A, B), neutrophils (C, D), and lymphocytes (E, F) were calculated based on cell differentials and total cell counts in rats within 2.5 h following air or ozone (0.8 ppm) exposure (4 h/day) for D þ 1 and D þ 2 groups. Bar graphs show mean with a combination of b 2 AR and GR agonists (CLENþDEX) was able to restore the majority of these ozone effects in AD rats, and further exacerbate ozone-induced lung protein leakage, inflammation and lymphopenia in SH rats. It was also noted that CLENþDEX itself, at the dose level used, caused lung injury, increases in cytokines and in genes responsive to activation of b 2 AR and GR. b 2 AR and GR agonists are widely used for the treatment of chronic lung diseases (Barnes, 2011; Fireman, 1995) , and their use has been shown to exacerbate lung inflammation in asthmatics during increased air pollution episodes (Qian et al., 2009) . Our data provide mechanistic support for a potential interaction between air pollution-induced increases in endogenous epinephrine and cortisol/corticosterone, and the use of long-acting bronchodilators plus steroidal therapeutic agents that might explain exacerbation of lung injury/ inflammation. b 2 AR and GR agonists are widely used for the treatment of chronic lung diseases such as asthma and COPD by promoting bronchodilation and reducing inflammation, respectively. Since ozone-induced lung protein leakage and inflammation are also associated with increased levels of endogenous b 2 AR and GR agonists, it is likely that air pollution effects are exacerbated in those receiving this therapy. A variety of agonists and antagonists of different formulations are given orally or via the inhalation route to patients as a singular therapy or combination (Brusselle and Bracke, 2014; Cazzola et al. 2012; Yayan and Rasche, 2016) . In some cases, intramuscular or intravenous routes of drug delivery are also used (Rowe et al., 2004) . In research applications, however, the intraperitoneal route is most commonly used. We used this route for administration of drugs, as it provides a consistent means of administering the drugs as well as providing adequate absorption and distribution systemically. CLEN, a specific b 2 AR agonist, although not prescribed in the United States, is used in other counties with a recommended dose of 0.02-0.06 mg/day for bronchodilation, and much higher doses of up to 0.12 mg/day for inducing weight loss (A, B) , lymphocytes (C, D), and neutrophils (E, F) were assessed following air or ozone (0.8 ppm) exposure (4 h/day) for D þ 1 and D þ 2 groups. Bar graphs show mean 6 SEM of n ¼ 6-8/group. Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats. (Drug Enforcement Administration, 2013) . Likewise, DEX is a widely used steroid in humans, in veterinary practice and employed extensively in research. At the recommended repeated adult dose levels of 0.75-9 mg every 6-12 h for an average 70 kg person it is anti-inflammatory, whereas for patients with adrenal insufficiency, doses of up to 0.15 mg/kg/day every 6-12 h are given (http://reference.medscape.com/drug/decadrondexamethasone-intensol-dexamethasone-342741-, accessed September 20, 2017). In this study, we used higher levels than what is used therapeutically in humans to assure a sufficient coverage of expected change due to AD-mediated depletion and ozone-induced increases in circulating stress hormones.
As we demonstrated previously (Miller et al., 2016b) , AD nearly completely eliminated stress hormones, corticosterone and epinephrine, from the circulation. Importantly, corticosterone, but not epinephrine, was significantly diminished by CLENþDEX treatment. Since the HPA axis is regulated by a negative feedback inhibition controlled by glucocorticoids themselves (Keller-Wood, 2015) , it is likely that this is due to the known DEX-dependent inhibition of corticosterone synthesis and release (Kolebinov et al., 1975) . The increased expression of the glucocorticoid responsive gene Tsc22d3, which has been shown to increase following ozone exposure in multiple organs Thomson et al., 2013 Thomson et al., , 2016 , and the upregulation of adrenergic receptor b2 gene (Adrb2), together with increased trend of circulating epinephrine and corticosterone in SH rats following ozone exposure, supports the conclusion that b 2 AR and GR are involved in mediating ozone-induced lung injury and inflammation.
In the current report, we wanted to determine if the ozoneinduced changes discussed above were further influenced by AD in combination with systemic CLENþDEX administration. We therefore, included in-life screening assessments such as body weight (to assess dehydration), changes in SQ temperature (to assess the degree of resultant hypothermia), and WBP (to detect acute ventilatory responses). We infer that any noted group differences relate to one or more of our study factors (ie, SH vs AD surgeries, vehicle vs CLENþDEX treatment, or air vs ozone exposures).
While total bilateral AD and ozone exposure each decreased body weight gain as observed in our previous study (Miller et al., 2016b) , the treatment with selected high concentrations of CLENþDEX resulted in further decreases, especially in AD rats. Although water intake did not appear to be impacted in AD rats receiving 0.9% saline for drinking (Miller et al., 2016b) , herein when the AD rats were exposed to air or ozone, they did not have access to these oral electrolytes. Thus, the AD rats concurrently receiving high doses of the adrenergic and glucocorticoid agonists incurred significant weight loss, presumably due largely to body fluid loss. Such changes in fluid and electrolyte balance could contribute to some of the observed effects (eg, hypothermia, ventilatory changes, and alveolar fluid accumulation) discussed below.
Hypothermia following air pollution exposure has been postulated to be a protective autonomic mechanism in rodents (Gordon et al., 2014) , likely reducing the pollutant dosimetry and/or impact on the lung (Gorr, 2017; Terrien et al., 2011) . In this study, we too observed a hypothermic response to ozone in SH rats via assessment of subcutaneous temperature, a measurement known to reflect ozone-induced effects on core body temperature (Gordon et al., 2014) . Interestingly, although AD reversed most ozone effects on the lung and periphery, hypothermia was not reversed, suggesting this autonomic response is likely regulated upstream and independent of the effects of Relative numbers were determined based on CD45 þ cells (total leukocytes). Bar graphs show mean 6 SEM of n ¼ 6-8/group. Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats.
stress hormones. It is also likely that this response might be regulated by the contribution of parasympathetic autonomic output not associated with HPA activation. Moreover, it is possible that the sympathetic outflow regulating post-ganglionic norepinephrine action, especially producing local effects at sympathetic nerve endings might contribute to hypothermia, since AD did not influence the levels of circulating nor-epinephrine (Miller et al., 2016b) . We likewise used WBP parameters to assist in characterizing ozone-induced ventilatory changes related to AD, with and without systemic CLENþDEX treatments. Acutely following exposure, all ozone-exposed WKY rats exhibited some degree of dyspnea. In healthy humans and certain rat strains, including the F344 (Tepper et al., 1989 (Tepper et al., , 1990 and Wistar strains (Schelegle et al., 2001) , a common respiratory response to acute ozone inhalation is the development of a short, shallow breathing pattern (ie, tachypnea). However, compared with the F344, Wistar, and many other rat strains, WKY rats are one of the most ozone responsive in terms of developing increased BALF protein concentrations and disproportionate increases in PenH (Dye et al., 2015) . Therefore, to obtain data on the obstructive effects occurring in these ozone-exposed WKY rats, we performed WBP within ffi30 min of the end of exposure. This timing is optimal to detect maximal increases in Penh, an index of airflow limitation related to small airway injury, obstruction, or disease. In so doing, our air-exposed rats underwent similar WBP assessments, in a rotating manner, with the ozone-exposed rats. This approach necessitated handling and placement of rats into the WBP chambers, and while we did allow a brief period for acclimation to the chamber, the rats remained alert (unrestrained, conscious) when ventilatory data were collected. Hence, a limitation of our approach is that breathing frequencies of our air-exposed controls rats are higher than that of previous reports (eg, Schelegle et al. [2001] in which rats were undisturbed and exposed to ozone for 8 h in glass WBP chambers, or Tepper et al. [1989 Tepper et al. [ , 1990 in which rats remained in restraint tubes for head-out plethysmography for 30 min prior to recording breathing frequencies). group. Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats. BLD: below the limit of detection.
Recognizing this limitation, we focused on group differences in breathing patterns between the air-or the ozone-exposed rats with and without corresponding interventions (ie, prior surgery or drug treatment). Data revealed that in air-exposed, SH rats treated with CLENþDEX, PenH was mildly increased ( Figure 4) ; however, in ozone-exposed SH rats, Penh increases were more significantly exacerbated by the combined drug treatment (Figure 4) . It is important to note that these rats (ie, SH, ozone-exposed, CLENþDEX-treated) often exhibited biphasic inspiration waveforms, which likely contributed to their relatively higher PEF/PIF ratios. In comparison, the analogous AD group (ie, AD, ozone-exposed, CLENþDEX-treated) had lower Penh values, but higher T i /T e ratios, especially by D þ 2. These complex ventilatory changes may reflect superimposed changes in ventilatory drive and/or airway obstruction secondary to airway injury that likely developed as a result of the combined drug treatment and repeated ozone exposures. In case of ozone which causes small airway injury, Penh increases correlate with pulmonary protein leakage .
As reported earlier (Miller et al., 2016b) , AD prevented the ozone-induced vascular protein leakage in the lungs. Conversely, CLENþDEX treatment in air-exposed animals was enough to induce marked vascular leakage, NAG activity increases, and exacerbated ozone effect indicating a crucial role for b 2 AR and GR in this response. It should be noted that the doses used for CLEN and DEX in this study are several fold higher than therapeutic levels, however, CLEN treatment in horses (Dodam et al., 1993) and salbutamol treatment in humans have also been shown to decrease pulmonary vascular resistance (Spiekerkoetter et al., 2002) . Epinephrine has been reported to induce pulmonary edema in rats (Hao et al., 2001 ). In addition, lung epithelial permeability is increased by b 2 AR agonists (Unwalla et al., 2012 (Unwalla et al., , 2015 . Thus, the endogenous and administered catecholamines have been associated with increased edema (Rassler, 2013) . However, in some studies, b2AR agonists administration have been shown to increase alveolar fluid clearance (Downs et al., 2012) . Also, increased glucocorticoid activity has been implicated in decreased permeability of lung epithelium (Kielgast et al., 2016; Matheson et al., 2004) and alleviation of pulmonary edema (Matthay, 2014) . Collectively, it is likely that circulating endogenous or administered AR and GR agonists might influence vascular integrity locally and cause pulmonary edema. It is also possible that the lung protein leakage is mediated by hemodynamic changes induced by drug treatment and ozone exposure. CLEN-induced increases in heart rate was attributed to b2AR-mediated Adrb2 (E), and Tsc22d3 (F) were determined in tissues collected within 2.5 h following air or ozone (0.8 ppm) exposure (4 h/day) for D þ 1 groups (n ¼ 6-8/group).
Significant differences between groups (p-value .05) are indicated by * for ozone effect when compared with corresponding air-exposed rats, # for AD effect when compared with corresponding SH rats, and † for CLENþDEX effect when compared with corresponding vehicle-treated rats.
hypotension (Hoey et al., 1995) . Although we did not assess cardiac physiological changes in this study with CLENþDEX, ozone exposure has been shown to induce bradycardia and reduce blood pressure causing cardiac depression (Gordon et al., 2014; Wagner et al., 2014) . These hemodynamic changes could lead to increased pulmonary vascular hydrostatic pressure, congestion of pulmonary venules, and edema. These changes likely further contributed to the dyspnea observed in the CLENþDEX-treated SH rats exposed to ozone.
The changes in lavageable macrophages after ozone exposure are likely influenced by the temporality of the assessment (Kumarathasan et al., 2015; Laskin et al., 1998) . Increased adhesion of activated alveolar macrophages might reduce the efficiency of recovery during lavage procedure (Bhalla et al., 1996; Gordon et al., 2016) . While the decrease in alveolar macrophages after ozone exposure on D þ 1 was prevented by AD, it is noteworthy that CLENþDEX treatment increased alveolar macrophages but only in ozone-exposed rats (SH > AD). How these increases in BALF macrophage number might relate to their activity status is unclear, however, it has been shown that ozone and b adrenergic inhibition cooperatively inhibit macrophage activity (McGovern et al., 1996) .
Lung neutrophilia is one of the hallmarks of ozone exposure (Alexis et al., 2010; Hollingsworth et al., 2007; Kodavanti et al., 2015) and acute stress scenarios directly modulate neutrophil recruitment, migration, and mobilization through the action of stress hormones (Dhabhar et al., 2012) . Consistent with our previous publications Miller et al., 2016b) , ozone exposure increased the accumulation of neutrophils in BALF while an absence of stress hormone (by AD) was associated with decreased BALF neutrophils in ozone-exposed rats. Interestingly, ozone-induced increases in BALF neutrophil numbers was 2-3-fold higher in SH treated with CLENþDEX. This is in line with the pulmonary vascular permeability changes induced by ozone, and the subsequent modulation by AD and CLENþDEX. Surprisingly, CLENþDEX treatment by itself did not induce neutrophilic influx despite increasing protein leakage in air-exposed rats, suggesting that vascular leakage is likely a direct effect of b 2 AR stimulation in the lung, while neutrophil increase is a systemic response mediated through ozone-induced activation of neuroendocrine axis.
Effects of ozone inhalation are not limited to the respiratory system. Our results support the previous observation that ozone exposure reduces circulating WBC, especially lymphocytes, while increasing circulating epinephrine and corticosterone in rats (Henriquez et al., 2018; Miller et al., 2016b) . Since CLENþDEX also produces a substantial reduction in circulating lymphocytes (likely due to the immunosuppressive dose of DEX) while increasing BALF neutrophils, it is likely that these effects of ozone are modulated by stress hormones in a dynamic and cellspecific manner (Dhabhar et al., 2012) . Although the separation between circulating T-lymphocytes and B-lymphocytes could not be assessed since CD3, a pan marker of T-lymphocytes, was not included in our analysis, it was apparent that T-lymphocyte subpopulations CD4
and CD4 þ CD8a þ were decreased by CLENþDEX and to some extent by ozone. This demonstrates that T-lymphocytes are sensitive to stress hormone levels and their receptor activation. It is well-known that glucocorticoids induce thymic atrophy (Pazirandeh et al., 2002; Roggero et al., 2006) and apoptosis in circulating T-cells (Cidlowski et al., 1996) , which is consistently observed in different models of stress (Szabo et al., 2017) . The pattern of ozone-induced decrease and AD-mediated recovery of circulating leukocyte cell subpopulations suggests that endogenous levels of glucocorticoid hormones are sufficient to dynamically regulate the relative size of cytotoxic and helper Tcell pools. We have previously reported that global lung gene expression changes observed after ozone exposure are diminished in AD rats , suggesting that diminution of circulating stress hormones reduce ozone effects at the transcriptome level. In this study, we sought to determine the specific influence of activating b 2 AR and GR in AD rats on inflammatory markers. We noted that ozone exposure was associated with increases in proteins and mRNA for inflammatory markers, and as observed earlier , this response was inhibited in AD rats. Moreover, we noted that CLENþDEX itself was sufficient to induce inflammatory genes, such that no further increases were discernible by ozone. Air pollution-induced IL-6 increases have been shown to be augmented by treatment with b 2 AR agonists (Chiarella et al., 2014) . These increases confirm that activation of b 2 AR and GR modulates lung transcriptional changes, which likely influence the inflammatory response to ozone.
The concentration of ozone used in this study (0.8 ppm) is much higher than what is likely encountered environmentally. However, this level in resting rats can be comparable to exercising humans exposed to 0.2 ppm ozone (Hatch et al., 2013) , and it has been recently shown that ambient ozone concentrations can rise up to 0.2 ppm under certain circumstances as observed recently in the United States (EPA, 2007) .
There are a number of limitations to our study. The dynamic nature of ozone-induced changes was not examined to determine how the recovery or progression of injury might occur after ozone exposure, especially in the case of AD. Furthermore, only male WKY rats were used since males of a strain derived from WKY, the spontaneously hypertensive rats, have shown greater sensitivity to tobacco smoke-induced lung injury and inflammation than females (Shen et al., 2016) . However, ozoneinduced effects have not been examined in female WKY rats. Lastly, the CLENþDEX doses used in this study, although within the range of those used by many research publications (Huang et al., 2000; Jonasson et al., 2013; Ryan et al., 2011; Sadarani and Majumdar, 2015; Sato et al., 2008; Sun et al., 2009) , were much higher than human therapeutic doses, and the interaction of CLEN and DEX with air pollutants at therapeutic levels needs to be carefully examined.
In conclusion, our results suggest that both endogenous and exogenous levels of b 2 AR agonists and glucocorticoids dynamically regulate ozone-induced pulmonary and extra-pulmonary responses. Ozone-induced lung vascular protein leakage, inflammation, and peripheral lymphopenia were diminished in AD rats, and agonists of b 2 AR and GR restored this phenotype. Moreover, these agonists by themselves were sufficient to induce lung vascular leakage and cytokine increases producing ozone-like lung injury and lymphopenia. These data provide a potential mechanistic link for the epidemiological evidence that air pollution effects are exacerbated in those socioeconomically disadvantaged communities with high levels of psychosocial stresses and high levels of circulating stress hormones (Douwes et al., 2011) . Furthermore, this study may suggest that the pulmonary effects of air pollutants might be exacerbated in asthmatics or COPD patients receiving chronic bronchodilator treatment with or without immunosuppressant steroids, since air pollutants mediate their effects through circulating stress hormones.
